. cruiting the Nedd4 ubiquitin ligase. Also, several funcUbiquitin at the Plasma Membrane-Going tional tests support the idea that Nedd4 and Gag ubiquiin and out tination are key factors in virus particle release. Like Ubiquitin appeared on the protein transport scene when retroviral Gag, the budding proteins of other enveloped viruses have L domains that interact with Nedd4. Conseit was discovered that ubiquitination is required for the quently, recruitment of the cellular ubiquitination maendocytosis of a number of yeast plasma membrane chinery may be a general mechanism used in virus asproteins. Plasma membrane proteins of many types, sembly. including signaling receptors, permeases, and transUbiquitin at the Endosome-Destination porters, are ubiquitinated at the cell surface on specific Lysosomal Degradation lysine residues. Ubiquitination is required for the first Budding of enveloped viruses at the plasma membrane step of endocytosis, entry into primary endocytic vesiis topologically equivalent to the budding of vesicles cles budding from the plasma membrane. By contrast into the lumen of the late endosome. Proteins from both to proteasome-mediated degradation, which requires the endocytic and biosynthetic pathways arrive at the the formation of relatively long polyubiquitin chains, enlate endosome en route to the lysosome. As the late docytosis requires only monoubiquitination (reviewed in endosome matures, regions of its membrane invaginate Hicke, 2001). Monoubiquitin carries a three-dimensional into the interior of the organelle and form vesicles, geninternalization signal that is unlike previously defined erating a compartment known as the multivesicular body linear peptide internalization signals. Ubiquitin appears (MVB). When the mature MVB packed with vesicles to be the most common internalization signal employed fuses with a lysosome, the vesicles are delivered to the by Saccharomyces cerevisiae and it is also used in lumen of the lysosome where they are degraded. Thus, higher eukaryotes. In mammalian cells, many signaling sorting of membrane proteins into MVB vesicles is rereceptors are ubiquitinated in response to ligand binding quired to target them for lysosomal degradation. The by cellular machinery that includes either the Nedd4 inability to be sorted into MVB vesicles appears to result or Cbl ubiquitin ligases. As in yeast, monoubiquitin is in different fates for biosynthetic and endocytosed prosufficient to promote internalization from the plasma teins: biosynthetic proteins are transported to the limmembrane. Thus, monoubiquitin is a conserved internaliting membrane of the lysosome rather than being delivization signal that can be appended to proteins in a ered to the lumen, and endocytosed proteins seem to be regulated manner to target them for rapid entry into the recycled back to the plasma membrane prior to fusion of endocytic pathway.
containing the CPS ubiquitination site can be transferred to a vacuolar membrane protein that is not normally sorted into MVB vesicles. This chimeric protein now becomes ubiquitinated and is sorted into MVB vesicles rather than remaining on the limiting membrane, a demonstration that ubiquitination is both necessary and sufficient for cargo entry into budding MVB vesicles (Katzmann et al., 2001). A ubiquitin signal is required for multiple MVB cargo proteins because the sorting of another ubiquitinated protein, the polyphosphatase Phm5, is disrupted in a doa4 mutant that has low levels of free cellular ubiquitin and Phm5 ubiquitination sites are required for its MVB sorting (Reggiori and Pelham, 2001).
The role of ubiquitin in MVB sorting has been further demonstrated by using ubiquitin to divert a nonvacuolar protein, Vps10, which normally cycles between the late endosome and the trans-Golgi network (TGN), into the regulator in a role that is distinct from its function in Although evidence accumulated in support of a recontrolling sorting into MVB vesicles. In addition, for quirement for ubiquitin in endosomal sorting, this was permease sorting at the TGN there is an elegant twist difficult to prove by studying proteins from the endocytic involving the regulation of monoubiquitin versus polypathway, which also require ubiquitination to enter the ubiquitin chain formation. pathway at the internalization step. The idea that ubiquiUbiquitin-dependent sorting of two different yeast tination is necessary to regulate sorting of cargo propermeases, the Tat2 tryptophan permease and the Gap1 teins into MVB vesicles has now been rigorously proved general amino acid permease, has been reported. Tat2 in experiments using substrates from the biosynthetic is present both on the plasma membrane and in an pathway that can be sorted into the MVB pathway (Katzintracellular pool that likely corresponds to the Golgi/ mann et al., 2001; Reggiori and Pelham, 2001). One of endosomes. In cells exposed to poor nitrogen sources, these proteins is carboxypeptidase S (CPS), a hydrolase intracellular Tat2 is transported to the vacuole rather that is synthesized as an integral membrane precursor than the plasma membrane. Transport of Tat2 to the and then released from the membrane in an active form vacuole is blocked by depleting the intracellular pool of upon fusion of multivesicular late endosomes with the free ubiquitin, by mutating lysine ubiquitination sites in lysosome-like vacuole of yeast. The evidence that ubithe N terminus of the permease, or by mutation of the quitination of the cytoplasmic tail of CPS directs its Rsp5 ubiquitin ligase. These observations suggest that entry into budding MVB vesicles is compelling. CPS is ubiquitination of Tat2 is required for its regulated divermonoubiquitinated on a single lysine in its short cytosion into a pathway that leads to the vacuole (Beck et plasmic tail and mutation of this ubiquitination site to al., 1999). By contrast to Tat2, the Gap1 permease is arginine prevents sorting of CPS into MVB vesicles. The targeted to the vacuole when nitrogen sources are relamutant CPS arrives in the vacuole but it remains on tively rich. Nevertheless, the mechanism of downregulation targeting these permeases to the vacuole seems the limiting membrane. A seven amino acid sequence to be similar. Like Tat2, Gap1 is ubiquitinated in the biosynthetic pathway and ubiquitination regulates whether Gap1 travels to the cell surface or is degraded in the vacuole (Helliwell et al., 2001) .
Although monoubiquitin is a sufficient signal in the endocytic pathway, a genetic approach to studying the regulated trafficking of Gap1 has revealed a role for polyubiquitination in TGN sorting. A screen to isolate genes that would cause missorting of Gap1 to the vacuole under conditions when it is normally targeted to the plasma membrane uncovered two genes, BUL1 and BUL2 (Helliwell et al., 2001) . Overexpression of Bul proteins causes unregulated sorting of Gap1 to the vacuole and a bul1⌬ bul2⌬ mutant has the opposite effectGap1 travels to the plasma membrane regardless of nutrient availability. The Bul proteins were first identified as proteins that interact with Rsp5, suggesting that they (Figtravels to the plasma membrane, the decision point at ure 2). which Gap1 is sorted to the cell surface must occur Hofmann and Falquet reasoned that they could idenbefore it encounters the MVB sorting machinery. Theretify sequence motifs involved in binding ubiquitin startfore, ubiquitin-dependent sorting of permeases, and ing from the defined sequences in a subunit of the properhaps other regulated cargo, is distinct from MVB teasome, Rpn10/S5a, that are known to interact directly sorting. The polyubiquitin chain signal is probably spewith ubiquitin. Using this approach they identified an cific to the sorting of proteins that undergo regulated ‫02ف‬ amino acid sequence called the UIM (ubiquitintrafficking, because the bul1⌬ bul2⌬ mutant does not interacting motif) that is present in a number of proteins affect the trafficking of proteins that are constitutively from yeast to humans. Remarkably, several proteins that transported from the biosynthetic pathway to the endoare known or suggested to function in internalization somal system.
(epsins and Eps15) and at the late endosome (Vps27/ What Is the Ubiquitin-Dependent HRS, STAM and HBP) carry UIM motifs. Although it must Sorting Machinery? still be confirmed that UIMs are general ubiquitin binding As described above, ubiquitination is required for cargo domains, these observations imply that endocytic prosorting in at least three distinct protein transport events: teins may directly recognize ubiquitinated cargo. Differat the plasma membrane, at the late endosome, and at ent forms of phosphatidylinositols (PIs) are found in difthe TGN. What is the mechanism that is used by the cell ferent cellular membranes and are thought to recruit to recognize and sort cargo carrying a ubiquitin signal? specific components of the membrane transport maLinear peptide sorting signals, such as those based on chinery to the appropriate membrane. Epsins and tyrosine or di-leucine motifs, act at the TGN and plasma membrane by binding to clathrin adaptor proteins, AP Vps27/HRS each carry a characteristic domain that is
